Abstract: Contamination of rock samples from laboratory equipment during crushing and pulverizing was investigated. Pulverization using iron and tungsten carbide mortars, and agate and tungsten carbide mills produced three suites of powders. Whole-rock data from the analyses of the three suites of samples enabled assessment of the degree of contamination of samples by coarse crushing and pulverization. The samples analyzed for major and trace elements compositionally represent basalt, basaltic andesite, dacite, and rhyolite. The results from the analyses of major elements exhibit insignificant contamination from the mortars and the mills. The heterogeneity of rock chips explains the compositional differences observed. The tungsten carbide mill contaminated samples with tungsten and cobalt. The significant scatter of other trace elements data is attributed to sample heterogeneity, with no systematic effect from contamination.
Introduction
Whole-rock analysis of rock samples provides fundamental and important data for earth science studies. Advances in analytical methods and the expansion in the use of analytical instruments have facilitated the precise chemical compositional analysis of rock samples. The preparation of samples before analysis includes cutting, crushing, splitting, and pulverizing (e.g., Terashima et al., 1990; Potts, 2003) . Such processes generally include an iron jaw-crusher, iron mortar and tungsten carbide mortar for crushing, and an agate mill and tungsten carbide mill for pulverizing. In particular, equipment composed of tungsten carbide is commonly used for crushing and pulverizing because of its hardness; however, contact between samples and the equipment during preparation exposes the samples to contamination from different elements (e.g., Ando, 1986) . Several authors (Myers and Barnett, 1953; Barnett et al., 1955; Thompson and Bankston, 1970; Hickson and Juras, 1986; Roser et al., 1998; Iwansson and Landström, 2000; Takamasa and Nakai, 2009) have documented the contamination of samples from preparation equipment. Analytical instruments currently determine trace element concentrations at sub-ppm (parts per million) levels in rock samples. Contamination by any element from pulverization poses the risk of geochemical data misinterpretation. Although contamination is inevitable, its impact on the data generated is dependent on the content of contaminant elements in the samples. An appraisal of contamination is thus important for the interpretation and reliable discussion of whole-rock data.
This paper examines the contamination of rock samples by pulverization using laboratory crushing mortars and grinding mills. The data employed in this study included major elements and forty-five trace elements generated using X-ray fluorescence spectrometer (XRF) and a laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS).
3 Crushing and milling
The slabs or chips of samples (~80 g) were crushed coarsely to <4 mm fragments using iron and tungsten carbide mortars (Fig. 2a) . The sizes of the iron and tungsten carbide mortars were 14.5 cm in diameter and 12.5 cm, high and 10.0 cm in diameter and 11.0 cm high, respectively. The coarsely crushed fragments were then reduced to ~40 g and ~20 g for pulverizing with tungsten carbide and agate mills, respectively. Contamination of the samples during coarse crushing in the tungsten carbide mortar was unexpected due to the durability of the mortar material. However, trace elements such as nickel, cobalt, and tungsten, which are important in petrogenetic interpretation, are sensitive to minor contamination. The higher (a few to several wt%) content of FeO/Fe 2 O 3 in many igneous, metamorphic and sedimentary rocks minimizes the impact of contamination by iron from the iron mortar, even though the iron mortar is less durable than the tungsten carbide mortar.
An agate planetary ball mill (Fritsch -GmbH, MP-7; Fig. 2b , c) and a tungsten carbide automatic pulverizing mill (Herzog, HP-MA; Fig. 2d ) in the laboratory of the Geological Survey of Japan (GSJ-Lab) served for pulverization of the samples. The agate planetary ball mill was used to pulverize approximately 20 g of samples at 800 rpm for 10 min, with the rotational direction switched every 2 min. The size of the vessel was 4 cm in diameter and 4 cm deep, and the balls were 1.5 cm in diameter. Six balls were used for pulverizing in each vessel. Cleaning of the agate vessel and balls was performed using quartz sand after each sample to avoid cross-contamination. Automatic features of the Herzog HP-MA pulverizing mill, such as emptying and cleaning with compressed air and ethanol, allowed sufficient removal of material after each sample. The mill consists of a 100 cm 2 vessel with an inner floating ring and cylinder set. The automatic pulverizing mill ground approximately 40 g of coarsely-crushed samples for 40 s. The final fineness of the powdered sample using both mills was 40-0.5 μm, which is comparable with the grain size distributions reported from another laboratory (Roser et al., 1998) .
4 Geochemical analyses
An XRF spectrometer (PANalytical Axios) in the GSJLab was used to determine major element compositions following the procedure described by Yamasaki (2014) . Glass beads were prepared by mixing 0.5 g of powdered rock sample and 5.0 g of a lithium tetraborate flux (Li 2 B 4 O 7 : Merk Co. Ltd., Spectromelt A10, #10783; 10 times the amount of the standard powder sample). The glass beads were used for subsequent LA-ICP-MS analyses. An LA-ICP-MS system in the GSJ-Lab was used to measure the trace element compositions. The equipment consisted of an LA system (New Wave Research, NWR213) coupled to a quadrupole ICP-MS (Agilent, 7700x), and analysis employed procedures described by Yamasaki et al. (2015) and by Yamasaki and Yamashita (2016) . Fig. 1 Schematic illustration of the pulverizing process. The rock samples were split into two portions and crushed using iron or tungsten carbide mortars. Coarsely crushed sample from the iron mortar was ground using an agate mill (suite 1). Coarsely crushed sample from the tungsten carbide mortar was further split into two portions and ground using an agate mill (suite 2) and a tungsten carbide mill (suite 3). (1)
Results
The results for the geochemical analyses of the studied samples are listed in Table 1 . The major elements data were normalized to 100% for the compensation of weighing errors, which enabled comparison of the various pulverizing suites (Table 2) . Table 2 and Fig. 3 show the differences in the compositions of suites 2 and 3, relative to suite 1. The comparison shows significant differences between suite 1 and suites 2 or 3, but lower differences between suites 2 and 3 (Fig. 3) . The differences observed exceed the precision of the XRF analysis (i.e., 0.04 wt%; Yamasaki, 2014) . The smaller differences between the samples of suites 2 and 3 compared to samples of suite 1 (e.g., Fig. 3b and c) suggests slightly different compositions of the crushed rock chips. This difference is attributed to the heterogeneous distribution of alteration veins in some samples.
Contamination of the samples from the crushing and milling equipment could result in iron enrichment from crushing in the iron mortar and silica enrichment from grinding in the agate mill. The Fe 2 O 3 * (total Fe as Fe 2 O 3 ) content of the various suites of samples was used to assess the impact of the iron mortar during preparation. Comparison of data for samples pulverized in the agate ball mill showed no enrichment in iron for suite 1 samples crushed in the iron mortar, and suite 3 samples had silica contents comparable to those of samples pulverized in the agate mill (Table 2 and Fig. 3 ). Contamination from the iron mortar should be prominent in rhyolite due to its low iron content. The basaltic andesite and the dacite samples from suites 2 and 3 were depleted in iron relative to suite 1 samples; however, this was not observed for the basalt and rhyolite samples. The samples for suites 2 and 3, except Table 1 Whole-rock major (wt%) and trace (ppm) element geochemistry for the studied samples.
− 205 − the rhyolite, indicated an apparent enrichment in silica. The agate mill can enrich even rhyolite because of its high silica content. The variations observed are attributed to compositional differences between the batches used for coarse crushing (i.e., compositional differences from the crushed samples). The contamination of samples from the pulverizing equipment was thus low for the major elements. However, an appraisal of the degree of heterogeneity within a single sample by repetitious crushing and pulverization as different batches would be required for precise evaluation of the contamination extent. For trace element analyses, the averaged Ca content for the three suites of samples for each rock (i.e., basalt, basaltic andesite, dacite, and rhyolite) were used as standards to compensate for the propagation of analytical errors from the XRF analyses. The differences in the trace element compositions for the suite 2 and 3 samples relative to suite 1 samples are shown in Table 3 and Fig.  4 . The standard deviations from five replicate analyses of reference materials (Yamasaki and Yamashita, 2016 ; JB-2 for basalt and basaltic andesite samples, JA-1 for dacite sample, and JR-1 for rhyolite sample) are included as references for the analytical errors (precision) at any given composition. Differences beyond analytical errors were observed for major elements for the three suites of samples, and samples from suite 2 displayed similar compositions to samples from suite 3 for several elements (Fig. 4) . Several studies indicate that tungsten carbide mills produce significant Nb and possibly Ta, as well as substantial W and Co contamination (e.g., Miyake and Musashino, 1991; Condie, 1993; Ujike and Tsuchiya, 1993; Rollinson, 1993 and references therein). The W contents for suite 3 samples were higher than those of the suite 1 and 2 samples for all rock types, which confirms contamination from the tungsten carbide mill (Fig. 4) . The elevated Co contents for suite 3 samples relative to suite 1 and 2 samples lack a clear trend. According to Roser et al. (1998) , the tungsten carbide of a mill head contains 90% of W and 9.5% of Co. If this composition is standard for a tungsten-carbide alloy, then the increase of the Co content in suite 3 samples relative to suite 1 samples falls between 6-13% of the W content (i.e., [CCo, Suite 3 -CCo, Suite 1]/[CW, Suite 3 -CW, Suite 1]×100, where C denotes the content of the elements). The increased ratio is consistent with the expected Co/W ratio for tungsten carbide, except for the dacite samples (Table 3) . Therefore, Co contamination also results from use of the tungsten carbide mill. The cause of the high Co content for the dacite samples, reproduced by several re-analyses is unclear. If the high Co content originates from contamination due to the tungsten carbide mill, then the analytical data for W is expected to be ca. 658 ppm.
The absence of such higher data for W suggests that the original sample contained Co-rich minerals. The samples ground using the tungsten carbide mill exhibited no significant contamination by Nb and Ta, which is consistent with Roser et al. (1998 Roser et al. ( , 2003 . The V content for the basalt and Cr contents for the basaltic andesite and rhyolite of suite 2 samples were higher than those for suite 1 samples. The Ni content for the rhyolite is elevated for suite 3 relative to suite 1 samples. The differences observed for V, Cr, and Ni are not systematic for the various rock types. Therefore, contamination of the samples from sample preparation cannot account for the scatter of data for elements, including V, Cr, and Ni.
Depletion in some elements, particularly in the dacite and rhyolite samples is prominent, but such depletion is unrelated to contamination. Zn, Zr, Nb, Ba, and Ce have similar patterns in the suite 2 and 3 samples; therefore, the scatter in data is attributed to the heterogeneity of the slabs and the chips selected for crushing. Roser et al. (1998 Roser et al. ( , 2003 reported the impact of the heterogeneity of subsamples on analytical data and that the minor effect of contamination from pulverizing equipment may be obscured by significant sample heterogeneity. The absence of a systematic increase in the sample concentrations of the expected contaminant elements, except for Co and W, suggests that contamination from pulverization does not significantly impact analytical data for other elements. The variations in the abundance of elements between the splits crushed using different mortars suggest that subsample heterogeneity is a major problem. The compositional differences due to sample heterogeneity are higher than those attributed to contamination from pulverizing, as suggested by Roser et al. (1998 Roser et al. ( , 2003 .
Summary and conclusions
Three suites of pulverized samples were prepared using combinations of iron and tungsten carbide mortars, and agate and tungsten carbide mills. The results of major element analyses show no evidence of sample contamination from the mortars and mills. The compositional differences observed are attributed to the heterogeneity of the original rock chips. Trace elements analyses was affected by contamination of tungsten and cobalt from the tungsten carbide mill. Although other trends are discernible, without confirmation of contamination as the cause, the heterogeneity of the original samples explains the scatter observed in the compositional data. Diff. Diff. denotes the difference in the composition of suite 2 or 3 samples from those of suite 1 samples. Table 3 Differences in the trace element compositions (ppm) for suite 2 and 3 samples relative to suite 1 samples.
Diff. denotes the difference in the composition of suite 2 or 3 samples from those of suite 1 samples. Fig. 4 Differences in trace element compositions (ppm) for suite 2 and 3 samples relative to suite 1 samples.
The error bars and shaded areas showing the standard deviations (S.D.; n=5) were extrapolated from the analytical results for reference materials (Yamasaki and Yamashita, 2016) with similar compositional ranges; JB-2 for the basalt and the basaltic andesite samples; JA-1 for the dacite samples; and JR-1 for the rhyolite samples. The symbols and colors are the same as in Fig. 3 . 
